The growth of neuronal processes into axons and dendrites, which is crucial for the development of neuronal connectivity, is strongly modulated during development by many extrinsic factors and cues. In addition to semaphorins, ephrins and netrins, neurotrophins such as BDNF influence neurite branching 1,2 . For example, increased signaling by BDNF and its receptor TrkB enhances axonal arborization and synaptic connectivity in retinal 3 and trigeminal axons 4 in the Xenopus tadpole, and in rat hippocampal explants 5 . In addition, mice that lack TrkB show reduced axonal arborization in the hippocampus 6 . BDNF can elicit axon branching within two hours of treatment 1 , but the mechanisms that translate BDNF signaling into cytoskeletal rearrangements are not well understood. Rho family GTPases mediate the reorganization of actin, with Rac and Cdc42 promoting dendritic branching 7 . Other intracellular mechanisms of neurite arborization include activity-dependent calcium transients 8 and the mitogenactivated protein kinases (MAPKs) Mapk3 (also known as Erk1) and Mapk1 (also known as Erk2) 9 .
The growth of neuronal processes into axons and dendrites, which is crucial for the development of neuronal connectivity, is strongly modulated during development by many extrinsic factors and cues. In addition to semaphorins, ephrins and netrins, neurotrophins such as BDNF influence neurite branching 1, 2 . For example, increased signaling by BDNF and its receptor TrkB enhances axonal arborization and synaptic connectivity in retinal 3 and trigeminal axons 4 in the Xenopus tadpole, and in rat hippocampal explants 5 . In addition, mice that lack TrkB show reduced axonal arborization in the hippocampus 6 . BDNF can elicit axon branching within two hours of treatment 1 , but the mechanisms that translate BDNF signaling into cytoskeletal rearrangements are not well understood. Rho family GTPases mediate the reorganization of actin, with Rac and Cdc42 promoting dendritic branching 7 . Other intracellular mechanisms of neurite arborization include activity-dependent calcium transients 8 and the mitogenactivated protein kinases (MAPKs) Mapk3 (also known as Erk1) and Mapk1 (also known as Erk2) 9 .
The MAPK family integrates signals from many extracellular factors, such as neurotrophins, to create specific outcomes, including differentiation, survival and synaptic plasticity. The strength of MAPK signaling frequently not only determines the duration of biological responses, but also provides distinctive physiological results 10, 11 .
Because the magnitude and duration of a MAPK signal is an important determinant of different cellular outcomes, the ability to negatively regulate MAPK activities allows the responses of individual family members, such as Erk, P38 and JNK, to be finely tuned. Dual specificity MAPK phosphatases (DUSP or MKP) inactivate specific MAPKs through dephosphorylation at threonine and tyrosine residues (TXY motifs) 12 . Phosphorylation at both residues is required for full MAPK activity. Eleven MKP enzymes have been identified, and many are expressed in the nervous system 12 . Some MKP members are highly regulated and are induced as immediate early genes after stimulation with growth factors, oxidative stress or heat shock 13 .
Many tissues express the phosphatase MKP-1, and activities such as long-term potentiation and visual stimulation robustly induce mkp-1 mRNA in the brain 14, 15 . Although MKP-1 activity has been well studied in the context of the cell cycle and immune responses, its physiological functions in the CNS are unknown. Here we report that ectopic expression of MKP-1 led to aberrant axon branching through a mechanism that involved negative regulation of JNK and destabilization of microtubules. MKP-1 was highly regulated by BDNF in a spatiotemporal fashion. In the absence of MKP-1, neurons could not produce axon branches in response to BDNF or neuronal activity. These findings reveal a key control mechanism that lies between signaling by extracellular factors and a specific intrinsic mechanism to control axon branching and, ultimately, neuronal connectivity.
RESULTS

MKP-1 expression alters neuronal morphology in vivo
The mRNAs of both bdnf and mkp-1 can be detected in the CNS throughout embryonic development 16, 17 . To test the hypothesis that MKP-1 downstream of BDNF can influence neuronal morphology, we first established the developmental expression pattern of MKP-1 protein in the rat brain in vivo. The expression of MKP-1 was low during embryogenesis and early postnatal days, but increased gradually from postnatal day 5 (P5) onward in the prefrontal cortex (Fig. 1a) , hippocampus and striatum (data not shown). By contrast, the expression of another family member, MKP-2, did not change (Fig. 1a) .
To determine the functional significance of MKP-1 expression in the developing cortex, we modified MKP-1 levels during neural development in vivo. Using in utero electroporation at embryonic day 15, we targeted constructs to the neuronal lineage of the cortical plate 1 3 7 4 VOLUME 13 | NUMBER 11 | NOVEMBER 2010 nature neurOSCIenCe a r t I C l e S that specifies future layer II-III excitatory neurons, and allowed the embryos to be born and to develop to P7 before analysis. We used both expression (MKP1<GFP) and downregulation (shRNA#7<GFP) constructs, which carried a GFP reporter cassette to monitor neuronal morphology in brain sections. The efficiency of the downregulation construct, which used short-hairpin RNA (shRNA), was verified in transfected HEK cells (Fig. 1b) . At P7, when neuronal migration through the cortical plate is complete 18 , transfected layer II-III neurons showed a polarized morphology with developing dendritic arbors and thin, straight axons. Ectopic expression of MKP-1 increased the morphological complexity of dendritic and axonal arbors, whereas downregulation of MKP-1 resulted in a decrease in dendritic arborization compared with GFP-transfected cells (Fig. 1c-h) . Axons from cells that overexpressed MKP-1 entered the white matter with aberrant branching and innervation into the dorso-lateral striatum and contralateral hemisphere when compared with cells that expressed GFP alone or the shRNA construct (Fig. 1d-h) . The complexity of axon terminals was increased by ectopic expression of MKP-1 but decreased by MKP-1 knockdown, with notably fewer secondary branches (Fig. 1i) . The number of axonal branches within the contralateral cortical layers I-V was increased or decreased, respectively, by upregulation or downregulation of MKP-1 (Fig. 1j) . The use of an shRNA that could not silence MKP-1 (shRNA#6; Fig. 1b,j) or overexpression of MKP-6, a related MKP family member (data not shown), did not alter the neuronal morphology of transfected layer II-III neurons compared with the GFP control. Therefore, changes in the expression of MKP-1 during neural development produced specific alterations in the cytoarchitecture of cortical neurons.
JNK is the target of MKP-1 MKP-1 dephosphorylates and inactivates MAPKs. It shows a preference for P38 and JNK, and to a lesser extent Erk1 and Erk2 (ref. 19 ). E18  E21  P1  P2  P3  P5  P6  P10  P17  P28  P49  3 a r t I C l e S To investigate the mechanism by which MKP-1 alters neuronal morphology, we used cortical neurons in culture. Both endogenous and exogenously expressed MKP-1 were detected throughout the cytoplasm, as indicated by the presence of the cytosolic protein Hsp90 and the absence of the nuclear protein MeCP2 after fractionation (Fig. 2a , endogenous MKP-1; b, transfected MKP-1). We found that MKP-1 expression in primary cortical neurons dephosphorylated JNK, P38, Erk1 and Erk2. By contrast, Mapk7 (also called Erk5; Fig. 2c ) and the parallel signaling pathway components Akt, PLCγ and GSK3 (not shown) remained unchanged. The outgrowth of axons from cultured cortical neurons decreased upon prolonged MKP-1 overexpression from days in vitro (DIV)1-3, which occurred concomitantly with the dephosphorylation of pErk1, pErk2, pP38 and pJNK (Fig. 2d,e) . Among the three targets of MKP-1, JNK is constitutively phosphorylated along the axon 20 , whereas P38, Erk1 and Erk2 are activated transiently in response to a stimulus (not shown). We used two independent approaches to test whether JNK is the MKP-1 substrate that controls axon outgrowth and therefore neuronal morphology.
First, we used a MKP-1 mutant that targeted only the dephosphorylation of JNK. When a conserved RRR motif within the MAPKbinding domain of MKP-1, which is required for selective binding of Erk1, Erk2 and P38, is mutated to ASA (Fig. 2c) , the resulting MKP-1 ASA mutant no longer binds to Erk1, Erk2 or P38, but can bind normally to JNK 21 . The expression of MKP-1 ASA in cortical neurons selectively dephosphorylated JNK without affecting Erk1, Erk2 or P38 (Fig. 2c) . Similar to wild-type MKP-1, this mutant restricted axon outgrowth in culture (Fig. 2d,e) .
Second, we engineered a JNK mutant (JNK R695S/D326N ) by analogy to a published, constitutively active Erk1/2 mutant 22, 23 , which showed decreased sensitivity to MKP-1 ( Supplementary Fig. 1 ). When co-expressed with MKP-1, JNK R69S/D326N reversed the negative effect of MKP-1 on axon outgrowth (Fig. 2f) . Therefore, prolonged dephosphorylation of JNK by MKP-1 expression perturbed axon outgrowth, and restoration of JNK signaling was sufficient to rescue the axonal defects. Together, these results suggest that JNK is the main neuronal MAPK substrate of MKP-1 that controls axonal shape.
JNK inactivation leads to microtubule destabilization
JNKs have diverse substrates, including transcription factors and cytoskeletal proteins 24 . As the expression of MKP-1 led to defects in axon outgrowth, we tested the effects of prolonged JNK inactivation on cytoskeletal substrates that maintain microtubule integrity 25 . Among these substrates, the stathmins (STMN) are structural modifiers that are involved in neurite branching and growth cone remodeling 26, 27 . The activation of STMNs by dephosphorylation decreases microtubule stability by sequestering free tubulin. MKP-1 and MKP-1 ASA were able to suppress the phosphorylation of STMN1 to similar extents (Fig. 2g) .
Because prolonged dephosphorylation of JNK by overexpressed MKP-1 enhanced STMN activity, we also monitored microtubule stability by measuring post-translational modifications of tubulin such as tyrosination. The expression of either MKP-1 or MKP-1 ASA led to an increase in tyrosinated microtubules and a concomitant decrease in acetylated microtubules (Fig. 2h) , changes that are associated with overall microtubule destabilization 25 . Therefore, expression of MKP-1 leads to dephosphorylation of JNK, and ultimately to a decrease in microtubule stability in cortical neurons. D326N ) when co-transfected with MKP-1. **P < 0.001, t-test, n = 4 independent experiments. (g) MKP-1 overexpression during DIV1-5 in cortical neurons affected the phosphorylation of stathmins, expressed as percentage of amount in control GFP-expressing cells (mean ± s.e.m.; *P < 0.015, MKP1 versus GFP; **P < 0.001, MKP1 ASA versus GFP using t-test; n = 3 independent experiments). Mono (1p) and multi (4p) phosphoisoforms are active and inactive, respectively. (h) Tubulin tyrosination (Tyr) and acetylation (Ace) were analyzed to assess microtubule stability. Results are expressed as percentage of control (mean ± s.e.m., n = 3 independent experiments). Significant differences are as follows: MKP-1 versus GFP ( # P = 0.03, ## P = 0.006, ***P = 0.0001) and MKP-1 ASA versus GFP (**P = 0.001, ### P = 0.004, ***P < 0.0001) using t-test. a r t I C l e S not change (Fig. 3a) . Neurotrophin (NT)-3 and NT-4 also induced MKP-1 expression without altering the expression of MKP-2 or MKP-5 ( Supplementary Fig. 2 ). We focused our study on BDNF because it is widely expressed in the CNS.
Primary cortical cultures contain various neuronal subtypes, including ~11% GABAergic interneurons (125 GAD65 positive cells out of 1,115 neurons counted). As both inhibitory and excitatory neurons express the BDNF receptor TrkB 29 , we tested whether both cell types expressed MKP-1. We isolated GFP-expressing cortical interneurons (Dlx5/6-positive 30 ) using fluorescence-activated cell sorting, and subsequently cultured GFP-positive (inhibitory) and -negative (excitatory) cell populations. Treatment of these cells with BDNF induced MKP-1 in both excitatory and inhibitory populations (Fig. 3b) . BDNF-dependent expression of MKP-1 was blocked by pre-incubation with either the BDNF scavenger TrkB.Fc or the TrkB inhibitor K252a (Fig. 3c) . Because BDNF is secreted in an activitydependent manner 31 , we tested whether depolarization of cortical neurons with KCl also promoted MKP-1 expression. Like BDNF treatment, an increase in KCl could upregulate MKP-1, and this effect was abrogated by TrkB.Fc (Fig. 3c) or K252a (data not shown). Thus, an increase in neuronal activity with KCl resulted in induction of MKP-1 that depended on endogenous BDNF release and TrkB signaling. In addition, U0126 (which inhibits the kinases MEK1 and MEK2) blocked the expression of MKP-1, whereas the JNK inhibitor SP60025 had no effect, and the protein and RNA synthesis inhibitors, cycloheximide (CHX) and actinomycin D (act D), both prevented the induction of MKP-1 (Fig. 3d) .
Therefore, mkp-1 behaved as an immediate early gene in response to BDNF, similar to Arc, a well-characterized immediate early gene downstream of BDNF (Fig. 3b-d) . In addition, prolonged (3-h) treatment with KCl or BDNF led to a decrease in total pJNK in both inhibitory and excitatory cortical neurons (Fig. 3e,f) . Consistently, ectopic expression of MKP-1 ASA in both the inhibitory and excitatory populations decreased pJNK and pSTMN1 and increased tubulin tyrosination (Supplementary Fig. 3) , further supporting the idea that activity-dependent BDNF signaling through MKP-1 negatively influences JNK. The effect of KCl on pJNK was only partially blocked by TrkB.Fc, indicating that additional, BDNF-independent pathways also influence pJNK in response to neuronal activity.
BDNF has well-established positive effects on axonal growth and branching 1 that differ from the axonal defects that are produced by prolonged, global expression of MKP-1 (Fig. 2d,e) . Therefore, we rationalized that BDNF effects must be transduced by MKP-1 in a tightly controlled spatiotemporal manner. BDNF elicited only transient expression of MKP-1 protein that peaked within the first 3 h of treatment and subsequently declined (Fig. 4a) . Previous reports described a molecular switch between phosphorylation and ubiquitination as a mechanism for prolonged MKP-1 protein a r t I C l e S stability 32, 33 . Indeed, MKP-1 degradation was overcome by inhibition of the proteasome with MG132 ( Fig. 4a and Supplementary Fig. 4 ).
To investigate whether BDNF also affects the phosphorylation and stability of MKP-1, we expressed MKP-1 in 293-TrkB cells using an inducible tet OFF system (Fig. 4b) . In the absence of doxycyclin, MKP-1 was expressed but no phosphorylation was observed (Fig. 4c) . The addition of doxycyclin to prevent MKP-1 expression led to a rapid loss of MKP-1 protein within 1 h (Fig. 4c, upper panel) . However, if BDNF was added with doxycyclin, MKP-1 was phosphorylated and the turnover of the protein was delayed (Fig. 4c, lower panel; Supplementary  Fig. 5) . Further experiments showed that phosphorylation of some sites (S359, S364) mediated MKP-1 stability, whereas phosphorylation at other sites (S296, S323) enhanced turnover 32, 33 . Mutation of all four residues (S296D, S323D, S359A and S364A) was required to render MKP-1 turnover insensitive to BDNF ( Supplementary Figs. 4  and 5) . Therefore, the ubiquitination and phosphorylation of MKP-1 are not mutually exclusive (Supplementary Fig. 4) . Together, these results support the idea that BDNF controls the expression of MKP-1 by mediating both induction and stabilization of the protein.
To address the spatial regulation of MKP-1 expression, we investigated whether distal BDNF signaling from the axon was sufficient to induce MKP-1 expression in neurons. To this end, we grew cortical neurons on porous membranes (Fig. 4d) to physically separate axons that cross through the pores to the lower side of the chamber ('axons') from cell bodies, dendrites and proximal axons, which grew in the top compartment ('total') 34 . To confirm the purity of the axonal preparation, we confirmed that the axonal marker tau was found in both compartments, whereas the dendritic marker MAP2 was restricted to the total compartment (Fig. 4e) .
Administration of BDNF to the axonal compartment was sufficient to induce MKP-1 expression in both compartments (Fig. 4e) . Neither the addition of TrkB.Fc nor the addition of K252a to the total compartment abolished the induction of MKP-1 by distal BDNF stimulation. By contrast, the induction of MKP-1 was blocked by pretreatment of the total compartment with U0126, suggesting that the signal relayed from the distal axon to the soma to upregulate MKP-1 involves pErk. Therefore, stimulation of axons by BDNF induced MKP-1 expression throughout the neuron. Continuous distal BDNF signaling might locally stabilize MKP-1 through specific phosphorylation. Indeed, stabilization of neuronal MKP-1 strongly correlated with its phosphorylation, which was also sensitive to U0126 (Supplementary Fig. 4) . Thus, BDNF can regulate MKP-1 in a spatiotemporal manner by controlling the induction of the protein and subsequently its local stabilization at the sites of BDNF signaling.
To test whether transient induction of MKP-1 is sufficient to inactivate JNK signaling and alter microtubule stability in cultured cortical neurons, we used an inducible tet ON mkp-1 ASA construct. We found that treatment with doxycyclin produced transient induction of MKP-1 ASA , which resulted in dephosphorylation of JNK and stathmin, and tyrosination of microtubules (Fig. 4f) , confirming that temporally controlled MKP-1 activity was sufficient to destabilize cortical microtubules. However, transient (≤6 h) expression of MKP-1 ASA produced smaller changes than did prolonged (48 h) expression of MKP-1 ASA , which is reflected in the morphological outcome and therefore may explain the fact that BDNF induces both MKP-1 and axonal growth.
MKP-1 is required for BDNF-dependent axonal branching
Microtubule destabilization has been implicated in axonal branching 25 . To test whether transient MKP-1 activity downstream of BDNF induces axonal arborization, we uncoupled MKP-1 activity from BDNF signaling by using a tet OFF system that allowed inducible MKP-1 expression, and we used constitutive GFP expression as a reporter (Fig. 4b) . We electroporated cortical neurons with plasmids that encoded mkp-1, mkp-1 ASA or GFP and cultured them with doxycyclin from DIV0 onward. We induced MKP-1 expression at DIV4 by withdrawing doxycyclin overnight and then recommenced treatment with doxycyclin. During MKP-1 expression, we applied TrkB.Fc to quench any endogenous BDNF. For the GFP control cells, we applied BDNF during the doxycyclin washout to induce BDNF signaling. Finally, we grew cells for an extra day to consolidate newly formed branches (Fig. 5a) . These conditions mimicked the transient nature of MKP-1 expression when induced by BDNF, and allowed us to compare BDNF signaling with brief MKP-1 expression independent of BDNF. The experimental timeline is consistent with previous studies that have investigated the ability of growth factors to induce axonal branching 1, 9 . We found that activation of BDNF signaling increased the number of primary axonal branches when compared to the TrkB.Fc-treated control (Fig. 5b) . This is consistent with the previous finding that BDNF induced axon branching in the optic tectum in vivo 1 . Moreover, transient induction of MKP-1 increased axonal branching to a similar extent as did BDNF (Fig. 5b) , despite the total loss of BDNF signaling caused by application of TrkB.Fc (Fig. 3c) . This suggests that MKP-1 acts downstream of BDNF in (Fig. 3e,f) but not in mkp-1 −/− cells.
a r t I C l e S axon branching. The MKP-1 ASA mutant phenocopied the effect of wild-type MKP-1 (Fig. 5b) , suggesting that axon arborization is mediated by deactivation of JNK signaling. To address the role of BDNFdependent stabilization of MKP-1, we coupled BDNF treatment with the ectopic expression of wild type MKP-1 and mutant MKP-1 DDAA , which is not stabilized by BDNF (Supplementary Fig. 5 ). Stimulation with BDNF increased axon branching over that induced by ectopic expression of MKP-1, an effect that was lost when we used the MKP-1 DDAA mutant (Supplementary Fig. 5 ). Therefore, both the induction and stabilization of MKP-1 have key roles in shaping axon arbors and instructing branch formation.
To ensure that MKP-1 acts downstream of BDNF in axon branching instead of in a parallel pathway, we prepared cortical neurons from mkp-1 −/− embryos 35 . We transfected these neurons with GFP, added KCl, BDNF or TrkB.Fc overnight and analyzed the number of primary axonal branches. In the presence of TrkB. Fc, there was no difference in axonal branching between cortical neurons derived from mkp-1 −/− mice and those derived from their wild-type littermates (Fig. 5c,e) . However, unlike wild-type neurons, mkp-1-deficient neurons showed no increase in primary branch formation in response to BDNF (Fig. 5c-e) or KCl (data not shown). Moreover, unlike neurons derived from wild-type embryos, prolonged exposure to BDNF did not decrease pJNK in mkp-1 −/− cells (Fig. 5f) , further supporting the idea that MKP-1 inactivates JNK downstream of BDNF. Together, these results confirm that MKP-1 is a specific downstream target of BDNF signaling that is required for axonal branching decisions.
DISCUSSION
We have described evidence for an intracellular mechanism of BDNF-dependent axonal branch formation ( Supplementary  Fig. 6 ). Our results indicate that BDNF, through TrkB-Erk signaling, induces the expression of the immediate early gene mkp-1. Distal stimulation of the axonal compartment of cortical neurons with BDNF was sufficient to induce MKP-1 in both the soma and axon. The ability of neurotrophins to signal over long distances is well established in peripheral neurons. Both NGF and BDNF can induce nuclear responses through long-range retrograde signaling. There is ample evidence that this signal is conveyed in the form of a signaling endosome, containing the activated ligand-receptor complex as well as associated signaling molecules such as MAPK 36 . Both retrograde and anterograde neurotrophin transport have been described in central neurons 37 , with anterograde BDNF transport from the cortex to the striatum being crucial for maintaining striatal integrity 38 . Here we show that in addition to its anterograde function, a retrograde axonal BDNF signal in cortical neurons that involves pErk1 and pErk2 induces a nuclear response in the form of immediate early gene expression.
After its induction, MKP-1 accumulates in the neuronal cytosol, but undergoes rapid turnover and degradation. However, BDNF-MAPK signaling causes the accumulation of MKP-1 to be sustained by increasing its half-life. With no basal expression, high inducibility, rapid turnover (<1 h) and the opportunity for stabilization, MKP-1 displays the necessary attributes to fine-tune the duration and amplitude of MAPK signaling at defined locations.
MKP-1 is a well-characterized phosphatase that can deactivate the three major classes of MAPK 19 . Here we show that the morphological and cytoskeletal effects of MKP-1 in neurons, which are phenocopied by the MKP-1 ASA mutant, are mediated by dephosphorylation of JNK. The unique polarized localization of activated JNK along the axon despite its expression in every neuronal compartment 20 makes it an attractive target for dynamic regulation through phosphatases. JNK signaling controls many features of the nervous system including apoptosis, regeneration and neuronal architecture 39 . Thus, dephosphorylation of axonal JNK represents a master molecular switch for many pleiotropic effects. The decision of where, when and for how long to deactivate JNK may provide functional specificity. Suppression of JNK activity by pharmacological inhibitors, dominant-negative mutations or genetic ablation in various models suggests that JNK controls the formation and maintenance of axons 20, 39, 40 . For example, axon outgrowth is impaired when JNK is inactivated by the reversible inhibitor SP600125, and this effect is annulled when the inhibitor is washed out 20 . Therefore, the transient nature of MKP-1 induction ensures temporally controlled deactivation of JNK signaling that is compatible with BDNFinduced axonal remodeling.
BDNF induces axon branching and outgrowth, which are supported by stable microtubules. However, the formation of nascent axon branches relies on transient destabilization of microtubules. Several lines of evidence support the idea that spatiotemporal regulation of a select group of JNK substrates, including stathmins and neurofilaments, can produce cytoskeletal remodeling. First, jnk1 knockout impairs the integrity of microtubules 40 . Second, stathmins are direct substrates of JNK 27 . Third, dephosphorylation of stathmins acts as an activation switch to destabilize microtubules 41 . Fourth, SCG10, a stathmin family member, undergoes local dephosphorylation in the axon in response to treatment with the morphogens ephrin B and laminin 42 . Fifth, SCLIP, another stathmin family member, regulates axon branching 26 . The transient induction of MKP-1 opens a signaling window during which the trophic effects of BDNF converge to induce controlled microtubule destabilization, and ultimately, to initiate axonal branching (Supplementary Fig. 6 ).
Ectopic expression of MKP-1 in vivo produced aberrant axon branching and innervation into the dorsolateral striatum. Pyramidal layer II-III neurons from the sensory cortex normally innervate the contralateral cortical areas 43 , and neurons that overexpressed MKP-1 showed an increase in collateral branches. BDNF levels in the cortex are low during embryonic and early postnatal development (Fig. 1a) , but loss of TrkB function during late embryogenesis impairs cortical progenitor function in vivo 44 . Therefore, we speculate that limited amounts of ectopic MKP-1 protein are stabilized during this time in vivo, which accounts for increased axonal branching rather than the marked outgrowth defects observed in vitro.
Both endogenous BDNF and MKP-1 are upregulated in the brain at later stages of development, when neuronal networks are refined in an activity-dependent manner. The formation and maturation of axonal arbors is tightly coupled with increased synaptic connectivity, and both processes are positively modulated by BDNF 45 . Furthermore, plasticity of neuronal networks is relayed by MAPK signaling 46 and neuronal activity can induce MKP-1 expression. Therefore, MKP-1 downstream of BDNF may be an important regulator of synaptogenesis, and misregulation of this phosphatase might have deleterious effects on plasticity-dependent processes such as learning and memory. Together, our results provide a framework for studying the molecular mechanisms of cytoskeletal remodeling under normal and pathological conditions.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
